Experimental measurements in the inlet of a transonic turbine blade cascade showed unacceptable pitchwise flow non-uniformity. A three-dimensional,
computational fluid dynamics (CFD) analysis of the imbedded bellmouth inlet in the facility was performed to identify and eliminate the source of the flow non-uniformity.
The blockage and acceleration effects of the blades were accounted for by specifying a periodic static pressure exit condition interpolated from a separate three-dimensional Navier-Stokes CFD solution of flow around a single blade in an infinite cascade.
Calculations of the original inlet geometry showed total pressure loss regions consistent in strength and location to experimental measurements.
The results indicate that the distortions were caused by a pair of streamwise vortices that originated as a result of the interaction of the flow with the imbedded beUmouth.
Computations
were performed for an inlet geometry which eliminated the imbedded bellmouth by bridging the region between it and the upstream wall. This analysis indicated that eliminating the imbedded bellmouth nozzle also eliminates the pair of vortices, resulting in a flow with much greater pitchwise uniformity. Measurements taken with an installed redesigned inlet verify that the flow non-uniformity has indeed been eliminated. Superscripts ' total conditions
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INTRODUCTION
As the dependence on computational fluid dynamics and heat transfer increases in the design and analysis of turbomachinery, the need for detailed, benchmark quality experimental data also increases.
This data is required for validation of codes and models as well as for determination of model functions and constants. As such, one requirement of a benchmark experiment is that more uniform, better documented, and generally higher quality inlet flow is needed.
The results ofa CFD calculation can be only as good as the boundary conditions, particularly the inlet conditions, that are applied to it. The importance of the inlet geometry and inlet conditions was pointed out in an experimental study by Kiock et al. (1985) where the same blade shape was examined in four wind tunnels and it was shown that only two of the tunnels exhibited two-dimensional inlet flow. An AGARD report on test cases for computation of internal flows in nero engine components (see Fotmer, 1990 ) also stresses the importance of clearly defined upstream flow conditions.
A new Transonic
Turbine Blade Cascade Facility was designed and built at the NASA Lewis Research Center to study the flow and heat transfer characteristics of advanced turbine blades. The intent of the cascade is to provide benchmark quality data for CFD code and model verification.
Initial measurements of the flow upstream of the cascade, however, indicated that uniform inlet flow had not been achieved.
CFD was itselfa
tool available to help determine the source of the non-uniformity and then to help eliminate it. The details of several calculations and the results obtained from those calculations will be described.
The first calculation was run as an analysis of the original geometry to determine the source of the non-uniform flow. As the results will show, the cavity formed by an imbedded bellmouth inlet appeared to be the source. The next calculation was performed to determine if bridging the region between the beUmouth and the upstream wall would eliminate the problem. A third and final calculation was performed to ensure that the upstream region of the facility did not contribute an additional source of flow non-uniformity. Each of these three computations are described separately below. Finally, experimental measurements taken with the modified inlet geometry will be presented and compared to the calculations.
The analysis was not performed during the initial design for several reasons. As is the case ofthe design ofany new facility, the bellmouth inlet was just one of several potential problems --all others appear to have turned out well In the course of the initial design, an inlet analysis with the degree of intensiveness that will be shown to be necessary would have been difficult to iustify. Also, the inlet design was based somewhat on another turbine cascade facility with a shorter inlet section that performed well (see Stabe and Kline, 1974 and Kline, Moffitt, and Stabe, 1983) . Other similar inlet geometries can be found in the literature (see Meauze, 1979).
DESCRIPTION OF FACILITY
The design of new experimental research facilities involves compromises and the use of novel, but often untested designs. A new Transonic Turbine Blade Cascade Facility was designed and built at the NASA Lewis Research Center to study the flow and heat transfer characteristics of advanced turbine blades. Some noteworthy features of the facility are its ability to achieve transonic Mach numbers, its high blade count for periodicity, and its large scale, which facilitates detailed flow and heat transfer measurements. Also, because of its large scale and transonic flow conditions, realistic engine Reynolds numbers are achieved with an inlet pressure near one atmosphere.
An overall view of the cascade facility is shown in Figure 1 . Dimensions relevant to the work presented here are included in the figure, but a more detailed description is given by Verhoff, Camperchioli, and Lopez (1992).
The blade shape is typical of a high pressure turbine rotor. A highly three-dimensional flow field was sought in the blade passages, characteristic of an actual gas turbine environment. To obtain this highly 3-D flow field, a thick inlet boundary layer was desired at the face ofthe blade row. A 4.5 meter long inlet section was used to develop this thick inlet boundary layer. At the same time, the capability to examine off-design incidence angle variations or to allow for blades of different inlet incidence was desired. The incidence can vary over a range of+ 15" to -30" from the design condition (note that Figure I shows the blade row set at the design inlet flow angle, a ffi 63.64"). This incidence variation capability was achieved by allowing the blade row, mounted on a circular disk, to rotate about its center passage. As the blade row is rotated for off-design incidence angles, its upper end is hinged to the upper inlet board, and its lower end slides along the lower inlet board, thus changing the vertical and horizontal positions of the downstream ends ofboth boards. The upstream ends of the inlet boards an: then adjusted vertically, so that the boards remain paranel to each other, and horizontally, so that the inlet board leading edges are at equal x locations. To satisfy all of these desired capabilities, a compromise was reached with the inlet boards, allowing their leading edges to form imbedded bellmouth nozzles.
The idea of a bellmouth nozzle with moveable inlet boards was borrowed from another turbine cascade rig at NASA Lewis (see Stabe and Kline (1974) and Kline, Moftt, and Stabe (1983) ). The bellmouth nozzle described in these reports also formed cavities like those of the present study shown in Fig. 1 . However, that cascade had a very short inlet section compared to the one in the present study and its inlet was open to the atmosphere.
Other similar geometries can also be found in the literature; see, for example, Meauze (1979). The bellmouth nozzle and cavity geometry is also very common in solid rocket nozzles, except that their geometry is typically axisymmetric. The bellmouth nozzle created cavities in the inlet of the present study that were somewhat questionable, but the previous experiences mentioned above indicated that they should not have a detrimental effect. The most critical requirement of any cascade inlet section is that it should provide pitchwise periodic, two-dimensional flow upstream of at least three of the center blade passages. To experimentally verify the inlet periodicity, total pressure measurements were taken in a plane 2.2 cm (0.18 Cx) upstream of the blade's leading edges, traversing slightly more than three bladc passages. (The measurement plane is shown in Fig. 1) . Because a five-hole probe was used for the measurements, the first data point in the spanwis¢ direction was taken 0.635 cm (0.250 inches) from the endwali. Flat-plate boundary-layer correlations indicated that the full boundary-layer thickness, 6, should be approximately 4.25 cm (-0.28 x span) in this region. The experimental measurements of total pressure coefficient are shown below in Figure 2 . The measurements clearly show that periodic flow had not been achieved. The objective of the present work was to identify the source of the flow non-uniformity and then to propose a design change that would eliminate it. First, physical accessibility to the inlet section was limited, making flow measurements more than a few chords upstream of the blade's leading edges very diffficult. The computational analysis also allows for a better understanding of the physics than a set of discrete measurements might because the flow properties can be analyzed throughout the entire domain. This understanding can give great insight when proposing design changes. The computational approach also enables design changes to be examined cheaper and more quickly than an experimental approach would.
COMPUTATIONAL METHODS AND MODELS
Code Description
The PARC CFD code that was used in this study solves the The model was applied globally, and no type of laminar-to-turbulent transition model was used, i.e., the flow was assumed to be fully turbulent everywhere. The search for the maximum of the Batdwin-Lomax model function "F" was stopped at a grid index approximately corresponding to the boundary-layer edge. The unit Reynolds number at the cascade face was 7.8 x 106 m-1.
Computational Domain and Grids
The location of the computational domain had to be decided upon before proceeding with the calculations. The computational inlet was chosen to be a plane just downstream of an 8:1 streamwise contraction (referring to Fig. 1 , ay-z plane at x = 0). Because of the strong acceleration caused by the contraction, boundary-layer growth was suppressed, so the flow was assumed to be uniform and one-dimensional over this plane. The computational exit was chosen to be a plane 2.2 cm (0.18 Cx) upstream of the blade leading edges, coincident with the measurement plane shown in Fig. 2 , but extending to both inlet boards. This plane was chosen because endwall static pressure measurements were available to specify an exit flow condition as needed by the code. Some implications of this exit plane choice will be discussed with the computational results. Note that in Fig. 1 the spanwise thickness is uniform in the chosen computational domain and thus the geometry is symmetric about a plane through midspan. This fact was exploited to allow modeling of just half of the span.
With the computational boundaries chosen, the domain was discretized with grids that would allow for resolution of the necessary flow physics. The computational grid that was used for calculation of the original geometry is shown in Figure 3 . This grid will be discussed here as an example; subsequent calculations of modified geometries used similar grids. Grid dimensions were chosen to be large enough to resolve the pertinent physics. Three separate grid blocks were chosen to cover the computational domain.
The first two blocks are C-grids surrounding the upper and lower inlet boards. The C-grids were chosen to give good resolution of the inlet board's leading edges, which were suspected to be a possible source of the flow non-uniformity. An H-grid was used in the region between the C-grids and the computational inlet, overlapping the C-grids by several points. The dimensions of the three grids are shown in Fig. 3 The fact that the computational domain was of constant spanwise cross-section simplified the grid generation process; two-dimensional grids were generated and then were stacked in the spanwise direction with a hyperbolic tangent stretching function. Fine grid spacing was used near all solid walls to resolve viscous layers.
The location of the point adjacent to solid wails was specified such that y+ < 10. 
Upper inlet
Boundary Conditions
Total conditions P 'in = 96.94 kPa (14.06 psi) and T'_ = 294 K (530"R) were specified at the computational inlet, and velocity components v and w were set to zero. Static conditions and the u-velocity component were then determined from characteristic information extrapolated from inside the domain. The symmetry plane was treated as an inviscid wall with no flux in the z-direction. All solid walls were treated as no-slip, adiabatic boundaries except the boundaries on the back face of the cavity. Resolving viscous layers on the back faces was not felt to be necessary because the flow in this region is nearly stagnant and thus more detailed modeling of the back faces would not affect the flow in the main passage. The cavity back faces were then treated as inviscid walls with zero flux. Because the exit flow is subsonic for all of the cases examined here, static pressure was specified at the exit and all other flow variables were extrapolated.
More details of the exit flow condition will be discussed with the computational results.
DISCUSSION OF RESULTS
Calculation of Original Inlet Geometry
The grid shown in Fig. 3 was used for calculations of this case. Initially, a uniform exit static pressure, P,_, was specified at the computational exit. The value of P_ was obtained by averaging the measurements of endwall static pressure taps that were located in the same plane as the computational exit. Because this plane was located only 0.18 Cx upstream of the blade's leading edges, the pressure varied periodically between the blades. Using the average of the measurements was felt to be adequate for the current calculation because it would set up the correct mass flow and because whatever was creating the distortion had to have been generated sufficiently far upstream of the exit plane. The average value of pressure was specked to be P_P'ta "=0.904, which resulted in a total mass flow du'ough the facility of 13.4 kg/s (29.5 Ibis). This was within I% of the experin_ntally measured mass flow. The inlet freestream velocity and Mach number were u_ = 44.7 nVs and M_ ffi 0.130; computed exit values were utx = 130.5 m/s and .,Vf_ = 0.385.
Starring the computational
solution process proved to be dimcult for thiscase. Originally, a uniform flow fieldof M = 0.I was specified as an initial condition_ The solutioncould not be advanced more than a few iterations before becoming numerically unstable. Therefore, a two-dimensional, midspan solutionwas obtained in an x-y plane and was stacked spanwise foruse as an initial condition for the 3-D calculations.
Convergence
of the solution was slow for this case, probably due to the relatively low Math number flow regions and the flow recirculation in the cavities.
The code was run in steps of 200 iterations, each run taking about one hour of CPU time. After 5000 iterations, the L2 norm of the residuals leveled out after decreasing only by about 1.5 orders of magnitude.
No evidence of total pressure distortions in the center of the passage was seen after 5000 steps, but the flow field still appeared to be changing.
It appeared to stop changing after about 7500 steps but was run out to 8700 steps for added assurance.
The overall inlet-to-exit mass flux error was less than 1_. Figure 4 shows results on the exit plane (looking downstream) obtained after 8700 steps.
The contour plot of vonicity in that figure clearly shows a pair of streamwise vortices neary' = 0.1 inside the measurement plane and near.)/= 3.2 outside the measurement plane.
The total pressure contour plot shows, however, that while the vortices clearly distorted the flow, they were not strong enough to adversely affect the flow to the degree that was measured and shown in Fig. 2 . The 0.8 and 0.9 contour lines did not turn over on themselves as the experimental data showed. Recall that the computational exit plane was specified to be just 2.2 cm (0.18 Cx) upstream of the blade's leading edge plane. The effect of the blades is to provide an inlet flow blockage, accelerating the flow in the passages and decelerating it near the leading edges. This local acceleration could be expected to have a significant effect on the pair of vortices in the center of the passage. Accelerating flow stretches and strengthens stream_ise vorticity, which would logically produce a higher degree of total pressure distortions. A more realistic exit static pressure distribution was therefore needed to account for blade blockage effects.
EndwalI static pressure measurements were available on the computational exit plane, but the data was spatially quite coarse, with most blade passages having only one pressure tap. Fortunately, a three-dimensional Navier-Stokes CFD solution had previously been obtained for flow around a single blade in an infmhe cascade.
These results were obtained with the RVC3D code described by Chime (1992) and Chima and Yokota (1990 Figure 6 shows the exit static pressure distribution at various stages of interpolation.
Note from this figure that the exit grid is rather coarse near the middle of the inlet section, which degrades the interpolation accuracy.
For the purposes of determining the cause of the flow non-uniformity, however, this degree of accuracy was assumed to be sufficient. As expected, the blade blockage locally accelerated the flow, which strengthened the streamwise
Pexit
vortices.
In comparing the total pressure measurements in Fig. 2 
Analysis of Computed Flow
With excellent agreement at the measurement plane, the task was now to identify the upstream source of undesirable streamwise vortices and to determine how to eliminate them. The solution was analyzed to determine the source of the vortices by releasing "particles" into the computed flow field. Some of these particle traces, along with total pressure coefficient contours, are shown in Figure 8 . The following discussion focuses on the lower inlet board cavity, but similar arguments apply for the upper one. As flow enters the inlet section, a low momentum boundary layer develops on the endwall because of the endwall viscous effects. 
Calculation of Modified Inlet Geometry
With the first obiective of identifying the source of the flow non-uniformity met, the task of proposing a design change that would eliminate it was undertaken. A related experimental study of a vortex formed in the cavity of a two-dimensional submerged inlet was performed by Fleeger (1971) .
The strength of the cavity vortex was measured by paddle-type vortex meters and the effects of several geometric parameters were examined. The flow was modified in numerous ways: by inserting blocks to reduce the cavity width and height, by placing honeycomb material in the cavity, by adding comer fillets to the cavity, and by bleeding off the incoming boundary layers.
The results showed that inserting honeycomb material or decreasing the depth of the cavity decreased the vortex formation.
Rivir (1992) recommended eliminating the cavity and keeping the angle between the back face and the freestream velocity vector less than 70* to 80* to eliminate the vortex.
Another design change that was considered was to bleed air from the backs of the cavities to prevent any flow from exiting through their front face.
This would, however, still allow horseshoe vortices to be set up in front of the inlet board's blunt leading edges as y-directional vortex lines wrap around them. The more acceptable design change was felt to be one in which the cavities, and thus the imbedded bellmouth nozzle, were completely eliminated.
The proposed new geometry and computational grids are shown in Figure 9 . For comparison, an outline of the original geometry is included.
The imbedded bellmouths were eliminated by bridging the cavities with straight boards attached to the upstream walls and to the original bellmouth nozzles. Two H-grid blocks were used for this calculation, each having 114 streamwise points, 51 points between the inlet boards, and 41 spanwise points, for a total of 477,000 grid points.
The grids between the inlet boards and near the computational exit are identical to those used for the original geometry.
Inlet and exit flow conditions and boundary conditions are identical as well. The non-uniform exit static pressure boundary condition was used. •-.....
Lower Inlet Board ',,"
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Computational
Grids Used for Calculations of Modified Geometry.
Perhaps an early indicatorof improved flow,itwas found to be possibleto startthissolutionwith a uniform initial condition of M--0.1, and a stacked 2-D solutionwas not necessary. Numerical convergence also proved to be more satisfactory for thiscase,with the/.,2 residualnorm decreasing by 3 orders of magnitude, although taking nearly 12,000 steps. About 3.50sze_swere possiblein each one CPU hour ran. The overallinlet-to-exit mass fluxerrorwas less than 0.5_o.
The vorticity
and total pressure coefficient contour plots in Figure 10 show greatly improved flow conditions. Only small, weak vortices are seen near the comers, and they are of the opposite sense to those of the original geometry.
As such, the vortices have no adverse effects on the flow near the center of the passage. This analysis clearly indicates that eliminating the imbedded be,mouth eliminates the pair of vortices, resulting in a flow with much greater phchwise uniformity. Some small peaks of total pressure are seen in Fig. IO, but they Contours of streamwise vorticity and total pressure ratio are shown in Figure 12 . The figure shows that streamwise vortices are generated in the comer, but that their impact on the total pressure field is minimal.
Note, however, that the sense of the vortex is the same as the sense of the vortex that was generated in the cavity of the original geometry.
To ensure that these vortices would not migrate to the center of the inlet, the contraction geometry was coupled to the modified inlet geometry and the flow was recalculated.
The results at the exit plane of this calculation are the same as those shown in Fig. 10 , and will thus not be repeated.
Although streamwise vortices are indeed generated in the comers of the contraction, they are not convected to the center of the inlet and thus they have no detrimental effect on the flow at the cascade face. 
Calculation of Modified Inlet Geometry with Upstream
8:1 Contraction
The original problem of pitchgise nonperiodic flow was clearly traced to the cavities formed by the imbedded bellmouth nozzles. Elimination of the cavities resulted in the efimination of the flow non-uniformity. Recall, however, that a rectangular-to-rectangular, 8:1 converging duct exists upstream of the constant span section (item K in Fig. !) . The 90" comers in this converging duct can be expected to produce some streamwise vorticity that may have an adverse effect on the do_nstream flow, Any vortices that were generated in comers of the contraction section with the original configuration probably would have been masked by the vortices generated in the cavities. However, with the cavities eliminated, these comer vortices could cause flow distortions.
Initially, calculations
were run of the 8:1 contraction section isolated from the remainder of the modified inlet section. Because of symmetry in the y-and z-directions, only one quarter of the contraction had to be modeled. The geometry and grid for this calculation are shown in Figure I !. The same inlet conditions that were used for the other calculations were specified at the inlet of the contraction.
In order to match the overall mass flux, the exit static pressure was specified to be PuJP'_ --0.989, giving M_ = 0.016 and Mex = 0.125. Despite the low Mach number conditions, convergence of the solution was good, with the/.2 residual norm dropping more than four orders of magnitude, and the inlet-to-exit mass flux error dropping to less than 0.05%, although taking 14,000 time steps to do so. 
Experimental Measurements of the Modified Inlet Geometry
With reasonable confidence that the distortion could be eliminated, the experimental hardware was modified to match the geometry shown in Fig. 9 . A drawing of the actual hardware is shown in Figure 13 . Note that the hardware is somewhat more complex than the original geometry shown in Fig. 1 
SUMMARY AND CONCLUSIONS
The results indicate that the CFD analysis was quite successful in aiding in the redesign of the cascade inlet. This study exemplifies the use of CFD as a diagnostic and a design tool.
It also exemplifies the inherent coupling of computational, analytical, and experimental fluid dynamics and heat transfer.
Moreover, the study shows that a detailed analysis of an entire facility may be necessary in order to obtain benchmark quality data.
That data can then, in turn, be used more reliably to aid in the improvement of CFD models and codes.
Kiock, R., Lehthaus, F., Baines, N. C., Sieverding, C. H., 1985, 
